Background: Zinc oxide nanoparticles (NZnO) are increasingly used in modern life. Most metal nanoparticles have adverse effects on the liver. Aims: To explore the protective action of curcumin (Cur) against hepatotoxicity induced by NZnO in rats. Study Design: Animal experimentation. Methods: Control group animals received normal saline, while the Cur group animals were treated with 200 mg/kg of Cur orally for 21 days. NZnO-intoxicated rats received 50 mg/kg of NZnO for 14 days by gavage method. In the NZnO+Cur group, rats were pretreated with Cur for 7 days before NZnO administration. Plasma activities of Alanine aminotransferase (ALT), aspartate aminotransferase (AST) and alkaline phosphatase (ALP) were measured as biomarkers of hepatotoxicity. Hepatic levels of malondialdehyde (MDA) and superoxide dismutase (SOD) and glutathione peroxidase (GPx) activities were measured for detection of oxidative stress in liver tissue. Histological changes and apoptosis in liver tissue were studied by using Hematoxylin-eosin staining and the transferase dUTP nick end labeling (TUNEL) method.
Previous studies showed that nanoparticles (NPs), after administration to laboratory animals, accumulated in the liver, kidney, spleen, brain, lung, etc. (1, 2) . Sunscreen is the most common way in which NPs are applied. The main component of sunscreens is zinc oxide nanoparticles (NZnO), which absorbs ultraviolet light (2) . NZnO are also used in electronic materials, biosensors, rubber manufacturing, food additives, and pigments (3) . In addition, NZnO is used for its antibacterial and antifungal properties in the food packaging industry (4) .
The widespread application of NZnO might increase the possibility of human exposure through skin contact, ingestion and inhalation.
Although most of the exposure to NZnO is via skin contact, NZnO do not permeate the epidermis (5) . However, small fractions of lip products and sun protection products may be accidentally ingested. NZnO can be easily ingested when used in water, food packaging or for drug delivery (6, 7) . The kidneys, liver and spleen are the main target organs for NPs after absorption through the gastrointestinal tract (8) . Ben-Slama et al. (9) administered NZnO through oral gavage to Wistar rats and observed that NZnO mainly accumulated in liver tissue. In vivo and in vitro studies have demonstrated that NZnO damages liver cell function and induces apoptosis and oxidative stress in human hepatocytes (10, 11) .
Medicinal plants are traditionally utilized to treat human disorders. Curcuma longa is one of the most commonly used herbal medicines. Curcumin (Cur) is the main component of the Curcuma longa (12) . Many studies reveal the protective or therapeutic effects of Cur in different forms of liver injury such as hepatitis, alcoholic and nonalcoholic fatty change, hepatocellular carcinoma and hepatotoxicity induced by drugs (13) (14) (15) . Cur has many benefits such as antioxidant, anticancer, anti-inflammatory, anti-hyperlipidemic and antimicrobial effects (12) . This study investigated the efficacy of Cur on NZnO-induced hepatotoxicity.
MATERIALS AND METHODS

Animals
Thirty-two healthy and adult male Wistar rats (200±20 g) were used in this experimental study. The rats were housed and maintained in a 12 h dark-light cycle, with a relative humidity of 50±5% and at a temperature of 22±3°C. The animals had ad libitum access to commercial food (pellet) and water throughout the experiment. The acclimatization time was at least 1 week. We performed this study according to the guidelines of the institution's Animal Ethics Committee (approve number: CMRC-108).
Experimental design
The animals were divided randomly into four groups. The Control group received saline for 21 consecutive days. In the Cur group, 200 mg/kg of Cur dissolved in corn oil (16) was given for 21 consecutive days by oral gavage. In the NZnO group, oral treatment with NZnO (with a mean size between 20 and 30 nm) at the dose of 50 mg/kg was started on day 7 after the daily administration of 0.2 mL saline. In the Cur+NZnO group, Oral treatment with NZnO at the dose of 50 mg/kg was started on day 7 after the daily administration of Cur and was continued until the study was terminated on day 21.
The dose of NZnO was selected based on our pilot study. In the pilot study, 50 mg/kg of bulk ZnO was administered to the 4 rats. Liver histology and ALT, AST and ALP activities were normal in these animals (results not shown). After blood samples were collected on day 22, the animals were euthanized under slight anesthesia with ether and then their livers were dissected and weighed. Small pieces of the samples were kept in a -80°C freezer for the assessment of lipid peroxidation (MDA), superoxide dismutase (SOD) and glutathione peroxidase (GPx). Other pieces of liver were fixed in 10% formalin for histological studies and transferase dUTP nick end labeling (TUNEL) staining.
Nanoparticle preparation
One gr of ZnO nanopowder (Sigma) was added to 100 cm 3 BSA (bovine serum albumin) solution. BSA solution at a concentration of 40 mg/mL was prepared by dissolving the powder in Milli-Q water at pH 4.7 (isoelectric point of BSA). The mixture was then ultrasonicated for 1 h (17) . A stock solution of 1 mg/mL NZnO was prepared in the BSA solution. The mixture was dispersed for 10 min by using an ultrasonicator and kept at 4°C. The stock solution was stable for at least 7 days at 4°C. Just before each administration, the stored solution was diluted and sonicated for 15 minutes. Atomic force microscopy (AFM) was used to characterize the prepared NZnO.
Evolution of serum markers of hepatotoxicity
The blood samples were obtained from heart cavities and centrifuged. Serum alanine aminotransferase (ALT), aspartate aminotransferase (AST) and alkaline phosphatase (ALP) activities were measured by using commercial kits (Sigma Chemical Company, St. Louis).
Lipid peroxidation assay
Frozen liver samples were homogenized in a fastprep homogenizer (BIO 101, Inc., Vista; CA, USA) for the assessment of Malondialdehyde (MDA) levels. The lipid peroxidation is determined by the reaction of thiobarbituric acid with MDA and measured according to previous studies (18) . Briefly, 0.5 mL of homogenized samples and 1.5 mL trichloroacetic acid (10%) were combined and centrifuged. Then, 1.5 mL of the supernatant and 2 mL thiobarbituric acid were mixed and heated to 100°C for 0.5 hours. Two mL n-butanol was added to the combination and centrifuged. The absorbance of the mixture was read at 532 nm (VERSAmax spectrophotometer, Molecular Device, USA). Results were reported as nmol MDA eq/g tissue.
SOD activity assay SOD (Randox Labs; Crumlin, UK) activity was measured according to previous studies (18) . Briefly, Iodonitrotetrazolium chloride reacts with superoxide radical and produces red formazan. Its absorbance was read at 505 nm (VERSAmax spectrophotometer, Molecular Device, USA), and the results were reported as U/mg protein.
GPx activity assay
GPx (Randox Labs.; Crumlin, UK) activity was measured according to previous studies (18) . In this method, GPx oxidizes reduced glutathione (GSH) to GSSG. The kinetic of NADPH oxidation (consumption) is proportional to GPx activity, and was read at 340 nm (VERSAmax spectrophotometer, Molecular Device, USA). The results were reported as U/ mg protein (18) .
Histology analyses
Six hematoxylin and eosin (H&E) stained slides for each animal were considered for the evaluation of histological changes such as the congestion of erythrocytes, inflammatory-cell infiltration and microvesicular steatosis in hepatocytes (fatty change) by using light microscopy.
TUNEL assay
The paraffin-embedded sections were used for the assessment of apoptosis by using a TUNEL kit (in situ Cell Death Detection, POD kit, Roche; Germany). The slides were incubated with proteinase K and 5% of BSA for 0.5 hour in a 37°C incubator. After washing, the slides were permeabilized and incubated with TUNEL reaction buffer for 1 hour in the 37°C incubator. After washing in PBS (phosphate buffer saline), the slides were incubated in anti-fluorescein-antibody-peroxidase for 0.5 hours at 37°C. After washing, the slides were incubated with DAB substrate (Roche; Germany). When the slides had developed color, they were quickly immersed in deionized water. Three slides per animal were evaluated in this experiment. Intense, dark brown and homogeneous staining of nuclei indicated TUNEL-positive cells. The percentage of apoptotic cells (apoptotic index) was calculated as previously described (18) .
Statistical analysis
SPSS software version 17 (SPSS Inc; Chicago, IL, USA) was used for statistical analysis. Differences between groups were analyzed by one-way ANOVA and Tukey test. The data were shown as the mean ± standard deviation. P values less than 0.05 were considered statistically significant.
RESULTS
Nanoparticle characterization
The size and morphology of the NZnO were revealed by AFM. The NPs showed spherical morphology with a mean size between 20 and 30 nm (Figure 1 ).
Serum markers of hepatotoxicity
Serum activity of ALT, AST and ALP were slightly reduced in Cur-treated rats in comparison to the control group (p>0.05). In NZnO-intoxicated rats, serum activity of ALT, AST and ALP were increased 2.7-, 2.8-and 1.97-fold, respectively (p < 0.001). In Cur+NZnO treated animals, serum activity of ALT, AST and ALP were 47%, 41% and 30%, respectively, lower than the NZnO-intoxicated rats (p<0.05). These results are shown in Table 1 .
MDA level, SOD and GPx activities
In the Cur group, MDA levels and SOD and GPx activities were not significantly altered. In NZnO-intoxicated rats, the hepatic level of MDA was significantly elevated by more than 2-fold in comparison to the control animals. In Cur+NZnO treated rats, MDA level was 39% lower than in the NZnOintoxicated group (p<0.01). In the NZnO-intoxicated group, hepatic GPx and SOD activities were decreased by 1.5-and 3.5-fold, respectively (p<0.001). In Cur+NZnO treated rats, SOD and GPx activities were (156%) and (26%), respectively, higher than the NZnO-intoxicated rats (p<0.05). These data are shown in Table 2 .
Histological analysis Normal liver architecture was observed in control and Cur groups (Figure 2a, b) . Lobular structures of the liver were damaged in NZnO-intoxicated rats. Centrilobular hepatocytes showed microvesicular steatosis (accumulation of small lipid droplets in cytoplasm). Accumulation of erythrocytes in central vein and sinusoids and infiltration of inflammatory cells were also observed in this group (Figure 2c ).
These histological changes were effectively reversed by Cur (Figure 2d ).
TUNEL assay
In the Cur-treated group, the percentage of apoptosis was not significantly altered. In the NZnO-intoxicated rats, the apoptosis index was significantly higher than in the control group (p<0.001). In Cur+NZnO treated animals, the apoptosis index was significantly reduced when compared to NZnO -intoxicated animals (p<0.05). These results are shown in Figures 3 and 4 .
DISCUSSION
In the present study, we have demonstrated that the oral administration of Cur has hepatoprotective effects against NZnO in rats. NZnO significantly increased the serum activity of ALT, AST and ALP. The elevated ALT, AST and ALP activity was attenuated (47%, 41% and 30%, respectively) by Cur treatment.
The serum activity of these enzymes is routinely measured for the detection of liver disorders (19) . The liver cells release these enzymes into the blood stream following injury or death. Reversal of the elevation of plasma enzyme activity in NZnOinduced hepatotoxicity indicates that Cur may decrease liver cell death.
The elevated MDA levels and the decreased SOD and GPx activity in liver tissue suggests the enhanced formation of lipid peroxidation leading to hepatotoxicity and a deficiency of antioxidant protection against the formation of excessive free radicals. Sharma et al. (11) have demonstrated that oxidative stress mediates cytotoxicity induced by NZnO in human liver cells. Sha et al. (20) have revealed that oxidative stress has an important role in the hepatotoxicity induced by NPs.
The increased MDA level in NZnO-intoxicated animals was attenuated (39%) by Cur treatment. Cur could also increase the SOD and GPx activity (156% and 26%, respectively) in NZnO-intoxicated animals. Hence, the hepatoprotective effect of Cur may be due to its antioxidant action. The histological observations revealed necrosis and microvesicular steatosis (fatty change) in NZnO-treated rats. The accumulation of erythrocytes in central vein and sinusoids and the infiltration of inflammatory cells indicate that NZnO induces necrosis in liver tissue. It is known that acute or chronic fatty changes induced by a variety of drugs and chemicals substances relate to the formation of lipid peroxidation in mice. The exact mechanism of the formation of microvesicular steatosis has not been identified, but it appears that oxidative stress-induced mitochondrial damage plays a key role (21) .
Apoptosis was also induced by NZnO in hepatocytes. Sha et al. (20) reported that apoptosis and necrosis occurs in BRL-3A cells treated with NZnO (17). Leist et al. (22) stated that "both apoptosis and necrosis can occur at the same time in the same tissue" (23) . Recent studies show a close interplay between different types of cell death. Several common agents mediate apoptosis and necrosis events. Oxidative stress can induce cell death by various signaling pathways. It is revealed that severe oxidative stress is related to necrosis, while lesser degrees of oxidative stress induce apoptosis (24) . NZnO may be accumulated to different levels in hepatocytes. It is possible that the accumulation of large amounts NZnO in hepatocytes induces necrosis while the accumulation of NZnO in lesser amounts results in apoptosis in these cells.
Cur improves the structure of the liver, and reduces microvesicular steatosis, congestion of erythrocytes and the infiltration of inflammatory cells. In addition, Cur could effectively reduce the percentage of apoptosis in hepatocytes. Many studies have shown anti-apoptotic effects of Cur; Jones et al. (25) revealed that treatment with Cur can inhibit apoptosis.
The bioavailability of Cur was not measured in present study, but it is well known that Cur has poor bioavailability (25) . However, Cur has therapeutic effects against some types of cancer, diabetes, arthritis, neurological disorders, etc. (26) .
No protective mechanisms of Cur were revealed in this experimental study. The antioxidative property of Cur may play a key role. Oxidative stress can stimulate various types of cell death. Thus, Cur may suppress NZnO-induced cell death by reducing oxidative stress. Wan et al. (27) demonstrated that Cur can effectively reduce oxidative stress and apoptosis in copper-induced hepatotoxicity.
In summary, we demonstrated that Cur can effectively protect against NZnO-induced cell death in rat liver tissue. Further investigations are required to explore crosstalk between apoptosis and necrosis mediated by Cur and NZnO in liver tissue.
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